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ABSTRACT OF THE DISSERTATION
INSPECTION OF PARTS WITH COMPLEX GEOMETRY AND WELDS WITH
STRUCTURAL HEALTH MONITORING TECHNIQUES
by
Srikanth Korla
Florida International University, 2011
Miami, Florida
Professor Ibrahim Tansel, Major Professor
Structural Health Monitoring (SHM) systems were developed to evaluate the
integrity of a system during operation, and to quickly identify the maintenance problems.
They will be used in future aerospace vehicles to improve safety, reduce cost and
minimize the maintenance time of a system. Many SHM systems were already developed
to evaluate the integrity of plates and used in marine structures. Their implementation in
manufacturing processes is still expected. The application of SHM methods for complex
geometries and welds are two important challenges in this area of research.
This research work started by studying the characteristics of piezoelectric
actuators, and a small energy harvester was designed. The output voltages at different
frequencies of vibration were acquired to determine the nonlinear characteristics of the
piezoelectric stripe actuators. The frequency response was evaluated experimentally. AA
battery size energy harvesting devices were developed by using these actuators. When the
round and square cross section devices were excited at 50 Hz frequency, they generated
16 V and 25 V respectively.
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The Surface Response to Excitation (SuRE) and Lamb wave methods were used
to estimate the condition of parts with complex geometries. Cutting tools and welded
plates were considered. Both approaches used piezoelectric elements that were attached
to the surfaces of considered parts. The variation of the magnitude of the frequency
response was evaluated when the SuRE method was used. The sum of the square of the
differences was calculated. The envelope of the received signal was used for the analysis
of wave propagation.
Bi-orthogonal wavelet (Binlet) analysis was also used for the evaluation of the
data obtained during Lamb wave technique. Both the Lamb wave and SuRE approaches
along with the three methods for data analysis worked effectively to detect increasing
tool wear. Similarly, they detected defects on the plate, on the weld, and on a separate
plate without any sensor as long as it was welded to the test plate.
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CHAPTER 1
INTRODUCTION
1.1 Structural Health Monitoring (SHM)
Structural Health Monitoring (SHM) is developed for continuous monitoring of
the condition of the structures. Unlike conventional scheduled driven inspection, SHM
allows condition based maintenance; it improves reliability and safety while reducing the
maintenance cost. Many researchers are expecting wide applications of the SHM systems
in the aerospace structures in future.
SHM techniques mainly use two approaches: (a) Passive and (b) Active method.
Passive SHM systems have only sensors. They monitor the stress, acceleration and
temperature, when the system is excited externally. Active SHM systems excite the
system and monitor the response at the same time. One of the applications of active SHM
employs piezoelectric elements, and monitors the damages by creating Lamb waves. The
damage identification characteristics of piezoelectric materials are presented in Chapter
Six of this dissertation.
1.2 Scope of Research
The SHM methods have been developed in last two decades, mainly by the civil
engineering and aerospace communities. Aerospace applications estimated location,
severity and type of damage mainly in metal and composite plates. The goal of this study
is to adopt SHM methods into other manufacturing applications. This dissertation focused
on evaluation of the integrity of weld joints and cutting tools.
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1.3 Research Objective
The recent developments of continuous SHM using piezoelectric materials have
opened new approaches for active damage recognition techniques in thin plates, and
complex geometries of metallic structures. The present research investigates the
capabilities of piezoelectric actuators and their application in SHM. The proposed
methodologies and newly developed analytical techniques in this dissertation are listed
briefly as follows:
(1) Determining the dynamic characteristics and electrical output of piezoelectric
materials.
(2) Proposing an effective wear monitoring methodology to estimate the
progressive wear in an end mill tool using Lamb wave and Surface Response
to Excitation (SuRE) techniques.
(3) Implementing experimental procedures and signal processing techniques to
identify dissimilar imperfections in welds.
(4) Developing binlet filters, to analyze the damage detection characteristics using
statistical residue coefficients and wavelet analysis
Condition monitoring during machining is vital to avoid unwanted interruptions
of manufacturing processes. The cutting tool wear was monitored earlier using force and
torque signals (Teti et al, 2010) and other methods like vibration techniques, laser
techniques and Acoustic methods (Byrne et. al, 1995). The objective of the present work
is to investigate the performance of SHM methods in cutting tools and welds, using the
piezoelectric materials as sensors.

2

1.4 The Dissertation Outline
The dissertation is organized into Seven Chapters. Chapter Two outlines the
detailed studies on related topics of the present research. It describes the previous studies
about the characterization of piezoelectric actuators and sensors, bonding characteristics,
surface waves and signal processing tools. It also outlines various techniques that use
SHM methods for aerospace applications. The experimental setup and data collection
methods are presented in Chapter Three. The Procedure followed to analyze the
experimental data is elaborated in Chapters Four. Chapter Five discusses the results and
the electricity generation characteristics of the piezoelectric elements. The results of
damage estimation for welds and tools are outlined in Chapter Six. Chapter Seven
summarizes important conclusions and scope for extended research.
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CHAPTER 2
LITERATURE REVIEW
As outlined in the previous chapter, this dissertation work investigates the electric
performance, and evaluates imperfections in metallic structures with complex geometry
by using piezoelectric materials. Therefore, the literature related to the previous SHM
techniques, and damage identification methodologies using piezoelectric materials is
elaborately discussed in the following sections of this chapter. The theory behind related
signal processing tools is also reviewed thoroughly in the following sections. The
Chapter presents the literature survey behind the wavelet theory. The support of the
literature resources to establish the present work is briefly discussed at the end of the
chapter.
2.1 Review of SHM
The interest to monitor structural damage at its earliest possible stage is very
important in civil architectures, aerospace and mechanical systems. SHM technology
involves the observation of a system over a time using periodically sampled dynamic
response from an array of sensors. Farrar and Doebling (1996) described the SHM
problem as a four part process: 1. the operational evaluation process defines the damage
of a system that is being monitored, 2. data acquisition techniques determine the type and
number of sensors, location of the sensor, the data recording and transmission hardware,
3. feature extraction methods distinguish undamaged and damaged structures by
comparing the damage sensitive properties, 4. statistical models were developed for
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feature discrimination by quantifying the damage level of the structure. Structural health
monitoring have been an emerging tool that uses vibration characteristics of the structure
to identify the internal damages in structures like airframes, vessels, bridges, and
machinery (Giurgiutiu, 2001; Mehrjoo et al., 2008). The applications of SHM and various
type of sensors used during SHM are tabulated in Table 2.1. Piezoelectric materials have
been widely used as sensors to monitor the structural health during the data acquisition
phase of SHM.
Table 2.1 Applications of SHM and Sensor Technology
Applications

Sensor Technology

Structural Integrity of Buildings and civil
engineering structures

Fiber optical sensors

Health monitoring of composite plates

Carbon Fiber/ Nanotube

Crack and damage detection Air structures

Based sensors

FBG (Fiber Brag Grating) sensors

Piezoelectric sensors
Magneto- elastic active sensors

2.2 Piezoelectric Materials
Many researchers worked on conversion of mechanical energy to the electricity
(Mossi et al., 2005; Kim et al., 2005; Minazara et al., 2006), Piezoelectric materials have
been an excellent choice for conversion of the electrical energy to mechanical energy and
vice versa. The different types of piezoelectric materials includes Lead Zirconate Titanate
(PZT), Quick Pack (QP), monolithic piezo ceramic materials embedded in the epoxy
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matrix, and Micro-Fiber Composite (MFC) (Goldfarb and Jones, 1999; Sodano et al.,
2005). They have found many engineering applications and used for manufacturing of the
sensors and actuators (Niezrecki et al., 2001; Sirohi and Chopra, 2001).

They are

inexpensive, robust, and conveniently adaptable in most of the applications.
Piezoelectric materials can be used as sensors and actuators. As sensors they are
used to convert mechanical energy to electrical energy. They convert electrical energy to
mechanical vibration when they are used as exciters or actuators. Giurgiutiu et al., (2004,
2008), cited the constituent equations of piezoelectric materials by deriving mechanical

strain (𝑆𝑖𝑗 ) and electrical displacement (𝐷𝑗 ) in terms of mechanical stress 𝑇𝑘𝑙 and electric
field 𝐸𝑘 :

𝐸
𝑆𝑖𝑗 = 𝑆𝑖𝑘𝑙
𝑇𝑘𝑙 + 𝑑𝑘𝑖𝑗 𝐸𝑘

𝑇
𝐷𝑗 = 𝑑𝑗𝑘𝑙 𝑇𝑘𝑙 + ℇ𝑗𝑘
𝐸𝑘

(2.1)
(2.2)

𝐸
𝑇
, 𝑑𝑘𝑖𝑗 , and ℇ𝑗𝑘
are mechanical compliance at zero electric field, piezo electric
𝑆𝑖𝑘𝑙

coupling between electrical and mechanical variables and dielectric permittivity
measured at zero mechanical stress respectively.
The piezoelectric stripe actuators resemble cantilever beams and previously an
aluminum beam with piezoelectric patches (Sodano, 2003), a bimorph beam (Erturk,
2009) and a plate (Charnegie, 2007) were modeled. The analytical model of bimorph
beams for energy harvesting has been discussed and the expression of stiffness for a
horizontal cantilever beam against the vertical forces acting at the tip of a bimorph beam
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was derived by Erturk, 2009 is described in eq. (2.3) based on the lumped-parameter
model and when the base was subjected to a harmonic excitation:
3𝑌𝐼

𝑘𝑒𝑞 =

(2.3)

𝐿3

𝑌𝐼, is the bending stiffness of the beam of length L. The un-damped natural frequency
depends on the equivalent stiffness (𝑘𝑒𝑞 ) and equivalent mass (𝑚𝑒𝑞 ), and derived from
eq. (2.3):

𝑘𝑒𝑞

𝜔𝑛 = �𝑚

𝑒𝑞

=�

3 𝑌 𝐼 /𝐿3

33
� �𝑚𝐿+ 𝑀𝑡
140

(2.4)

𝑚, is the mass per unit length of the beam. 𝑀𝑡 , is the mass at the tip of the beam.

The analytical model for the undamped natural frequency (𝜔𝑛 ) of a uniform cantilever

(clamped-free) plate with no additional mass was derived by Charnegie (2007) with the

following expression:
𝐷

𝜔𝑛 = 𝜆𝑛 �𝜌ℎ𝑏𝑎3

(2.5)

The characteristic values (𝜆𝑛 ) for the first 3 modes of a square cantilever plate

their values are 3.494, 8.54 and 21.44. The parameters ℎ, 𝑎 and 𝑏 represent the thickness,

length and width of the beam respectively. The modulus of elasticity (𝐷) was calculated
using the following equation (2.6):
𝐷=

𝐸𝑡 3

12(1−𝜐2 )
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(2.6)

The modulus, thickness and Poisson’s ratio of the material were represented by𝐸,
𝑡 and 𝜐 respectively. Studies were available on the modeling, testing and performance of

the energy harvesters (Lu et al., 2004; Dutoit et al., 2005; Twiefel et al., 2006; Beeby et
al., 2006). The energy harvesters that fit into small spaces or standard shapes such as
standard AA battery size were developed in mechatronics laboratory (Tansel et al., 2008).
Degradation evaluation of piezoelectric sensors was performed recently by many
researchers. A simple strain based SHM approach adopted to monitor born/ epoxy patch
repair that could overcome the limitations in using the conventional strain gauges for
SHM. These approaches use the Bragg grating optical fibers as strain gauges and helps in
patch repair. Rodrigo et al. (2009) demonstrated how the strain based methodology can
be utilized to detect the crack propagation in secondary bonded woven E-glass/vinyl ester
composite double plate joints (Baker et al., 2008).
The effectiveness of sensor bonding with its host structure was estimated by
Giurgiutiu, 2008 and Baker et al., 2008. The deboning and crack defects of the
piezoelectric elements were identified under varying structural load conditions; the
change in capacitive values of the piezoelectric materials during the de-bonding of the
sensors with their host structures was estimated earlier by Park et al., 2006; Sohn and
Lee, 2009. Piezoelectric sensor characteristics are estimated at various physical and
mechanical environments, and the reliability of the adhesives used to bond these patches
was monitored. The interfacial shear stress behavior between the piezoelectric sensors
and the host structure under the presence of two or more surface waves was estimated by
Pfeiffer et al., 2007; Rajic et al., 2002.
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2.3 SHM using Piezoelectric Materials
Firstly Giurgiutiu (2003) and Lynch (2004) used piezoelectric Ultrasonic SHM
system for an aircraft wing inspection. The low cost and light weight piezoelectric disc
transducers were bonded to various parts of an aircraft wing for detection, location and
growth monitoring of defects (Zhao et al., 2007). A real-time method for predicting
accurate damage location in complex structures was proposed to provide a way to
efficient damage location detection for large scale complex structures, with a minimum
number of sensors. Piezoelectric smart materials embedded in laminated composite
structures evaluated the intensity of damage. Past work also described the in-service
inspection of composite inaccessible structures without additional excitation facility.
(Kessler and Raghavan, 2009; Yan and Yam, 2002).
Piezoelectric wafer active sensors (Lin et al., 2006), developed for monitoring
fatigue cracks and corrosion damage, were often used as embedded ultrasonic transducers
on metallic frames. Conventional ultrasonic transducers work with surface tapping and
pressure to the objects surface, whereas PWAS act through pinching with the object’s
surface (Su et al., 2006). Giurgiutiu, 2003 described the effectiveness of piezoelectric
wafer active sensors during health monitoring of metallic slats. The SHM using
piezoelectric materials as sensors was mainly performed by two methods called the
Electromechanical Impedance and Lamb wave technique.
2.3.1 Electro Mechanical Impedance Method
Damage in a structure can be indicated by monitoring the changes in electro
mechanical impedance. High frequency structural excitations through surface bonded
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piezoelectric transducers were used by Park and Inman (2006). A spectral element
method was used by Peairs et.al., 2007, in combination with electric circuit analysis, for
impedance modeling. Grisso and Inmann (2009) developed a sensor diagnostics method
to identify the unhealthy sensors during the impedance based SHM. A digital wideband
technique was proposed by Kim et al., to reduce the power dissipation during the
impedance based SHM systems.
Giurgiutiu (2008) described his experiments conducted using electro-mechanical
impedance on durability and survivability of PWAS. E/M impedance technique was used
to characterize the damage behavior in a truss, beam and a concrete tube and the electromechanical signature at the piezoelectric path surface was analyzed to identify the
damage (Lim et al., 2006). A two dimensional electro mechanical impedance model was
proposed to predict the electrical admittance change on the PZT transducer due to
damage. Nonlinear feature damage identification technique using self-sensing impedance
measurements was developed earlier by Rutherford et al. (2007). The applicability of the
nonlinear feature for damage identification was investigated in various frequency ranges
using impedance signals measured form a laboratory test impedance methods.
Piezoelectric self-diagnosis schemes were developed to detect the functionality and
defects within the piezoelectric transducers. Pulse echo method and acoustic ultrasonic
methods were used for structural interrogation at far field, and E/M impedance method
was more appropriate technique used to detect the damages in near fields (Giurgiutiu,
2002 and 2003).
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Baptista and Filho (2009) in their article described the influence of structural area
on the performance of SHM systems based on electro mechanical Impedance (E/M
Impedance), and it was observed that the sensitivity of piezoelectric transducers for
damage detection significantly decreases with the mechanical impedance of the host
structure.
2.3.2 Lamb wave based methods:
Surface waves are used in the palates to determine the damages in plates and
tubes using piezoelectric sensors and actuators. The surface wave techniques are
reviewed in the following paragraphs. Lee and Staszewski (2007) analyzed a fatigue
crack on an aluminum plate using Lamb waves to recognize the optimal location of the
sensor.
Guided waves find a way to overcome the drawback discussed in previous section
that uses E/M Impedance method. Guided waves have a great significance in structural
health monitoring in recent years as they can travel large distances in plates and pipes
with very minimum energy loss. Giurgiutiu (2008) in his well-known text book on SHM,
Lee and Staszewski (2003), Pfeiffer (2007) have described the potentiality of Lamb
waves between the piezoelectric sensors in plates and air structures. The performance of
acoustic ultrasonic waves in damage detection was demonstrated by analyzing two
dimensional wave interactions with slot type defects. The change in the output of the
guided ultrasonic waves was able to determine the damage in the structure. The response
of the ultrasonic transient waves was investigated as a function of different defect sizes of
cracks. The strain coupled surface bonding of the piezoelectric sensors enable effective
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transmission of in-plane ultrasonic Lamb waves. Theoretical models and experiments
results were previously presented by Giurgiutiu since 2001 indicated that piezoelectric
sensors can satisfactorily perform Lamb wave transmission and reception in aluminum
and metallic plates. A comprehensive review of Lamb wave based damage identification
techniques for composite materials was established by scholars like Su and Lin (2006),
who elaborately discussed the physics behind the Lamb wave propagation in laminated
composites. A separate work by Lin and Giurgiutiu (2006) demonstrated that the flexible
piezoelectric materials like piezoelectric polymers perform the same Lamb wave
transmission and reception functions as piezoelectric wafer active sensors perform.
Grabowska et al. (2008) demonstrated the propagating Lamb waves to distinguish
different kinds of failure occur during structural health monitoring, Park et al. (2006) and
Rajic et al. (2002) used Lamb waves in a beam to analyze and characterize the
degradation performance.
Time of flight estimation methods like cross-correlation, envelop moment,
matching pursuit decomposition, and dispersion compensation were compared using a
dispersive Lamb wave mode (Xu et al., 2009). A solution for generation and propagation
of Lamb waves in homogeneous isotropic viscoelastic plates was established by Vonende
et al. (2009). This methodology for analytical analysis of Lamb wave generation and
propagation was identified as an effective technique when the wave guide exhibits
significant material damping.
Experimental results were presented by Huang et al. (2008) and Tan et al. (1995)
on directionality of Lamb waves. An approach was developed using the fundamental
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symmetric mode of Lamb waves to detect the delamination in unidirectional fiber
composite materials, and it was observed that the Lamb wave amplitude decreases
significantly over a delamination region. The wave displacement fields were evaluated
and the displacement fields excited by a piezo patch actuators were found to be
directional; the directionality of the surface wave displacement fields were governed by
the bending deformation of the piezoelectric actuator.
Development of theoretical models for the surface bonded piezoelectric sensors
and modeling of Lamb waves was performed in earlier research. Dunn et al. (2009)
presented an analytical model to couple transducer dynamics with axi-symmetric guided
surface wave excitation for isotropic plates. Piezoelectric patch actuators work as a point
source that excites an axi-symmetric wave motion. It was proved in Huang et al. (2009)
that the Lamb wave displacement fields generated by piezoelectric patches are directional
and frequency dependent. Asymmetric Lamb wave propagation was modeled based on
superposition of plate bending modes by Kerkira et al. (2007).
Zhongqing et al. (2006), Raghavan and Cesnik (2005) developed a mathematical
model to describe guided wave structural health monitoring. The size of the sensors was
optimized based on numerical analysis. Park et al. (2009) investigated the effect of sensor
and bonding defects of Impedance models using single degree of freedom spring mass
damper system.
The equation of motion for isotropic elastic medium for a plate with stress free
upper and lower, and in cylindrical pipes were derived by Silk and Bainton (1979), Rose
et al. (1994) . If 𝜌 is density of the metal structure and 𝜆 and 𝜇 are lame’s constants, then
13

the corresponding equations of motion due to a displacement field (𝑢) are given by
eq.(2.7) and eq.(2.8):
𝜕2 𝑢

Plate Equation: 𝜇𝛻 2 𝑢 + (𝜆 + 𝜇)𝛻𝛻. 𝑢 = 𝜌 𝜕𝑡 2

(2.7)

Pipe Equation: 𝜇𝛻𝑢 + (𝜆 + 𝜇)𝛻𝛻. 𝑢 = 𝜌 𝜕𝑡 2

(2.8)

𝜕2 𝑢

Giurgiutiu (2008) simulated Lamb wave speed dispersion curves (Figure 2.2) in
plates from the Rayleigh-Lamb equation. The governing equations with a longitudinal
(𝜆+2𝜇)

and transverse wave speeds, 𝑐𝑝 = �
eq.(2.12):

𝜌

𝜇

and 𝑐𝑠 = �𝜌 are described using eq. (2.9) to

𝐴 (−𝑐3 𝑠𝑖𝑛𝛼𝑑) + 𝐻 (𝑐4 𝑠𝑖𝑛𝛽𝑑) = 0

(2.9)

𝐴 (𝑐1 𝑐𝑜𝑠𝛼𝑑) + 𝐻 (𝑐2 𝑐𝑜𝑠𝛽𝑑) = 0

(2.10)

𝐵 (𝑐3 𝑐𝑜𝑠𝛼𝑑) + 𝐺 (𝑐4 𝑐𝑜𝑠𝛽𝑑) = 0

(2.12)

𝐵 (𝑐1 𝑠𝑖𝑛𝛼𝑑) + 𝐺 (−𝑐2 𝑠𝑖𝑛𝛽𝑑) = 0

𝜔2

𝛼 = �� 𝑐 2 − 𝝃𝟐 �;
𝑝

𝜔2

𝛽 = �� 𝑐 2 − 𝝃𝟐 �
𝑠

𝑐1 = (𝜆 + 2𝜇)𝛼 2 + 𝜆𝝃𝟐 ,𝑐2 = 2𝑖 𝜇 𝝃 𝛽, 𝑐3 = 2𝑖 𝝃 𝛼, 𝑐4 = 𝝃2 − 𝛽 2

(2.11)

(2.13)
(2.14)

𝐴, 𝐻 , 𝐵, 𝐺 were determined by the stress free conditions at the upper and lower

surface of the plate. These coefficients would correspond to the symmetric and antisymmetric Lamb waves.
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If the product of Frequency (f) and the thickness (d) is equal to zero, then both
symmetric and anti-symmetric waves resemble the across-the thickness variation of
conventional axial plate waves. In the other case when the product trends to infinity, the
Lamb wave modes degenerate into Raleigh waves, which will be confined to the plate
surface.

Figure 2.1 Comparison of Symmetric and Anti-Symmetric Lamb wave dispersion curves
(lowest modes)

2.4 Methods for Data Analysis in SHM
The unprocessed Lamb wave perturbations could not predict the damage or wear
effectively. Therefore, an effective signal processing technique is required to investigate
the output data. The Fourier analysis gives the frequency response of the signal, which
has been an effective tool during signal processing of stationary signals. The Fourier
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Transformation decomposes the signal into simpler pieces to analyze the signal (Pei and
Yeh, 1998; Sejdiic et al., 2011). The Fast Fourier Transformation (FFT) was performs the
the Fourier transformation more rapidly (Duhamel and Vetterli, 1990) But these
techniques have a limitation when the signals characteristics vary with time. The Lamb
waves generated at the actuators in these experiments are non-stationary in nature and
therefore Fourier analysis is not an appropriate signal processing tool to analyze the
signals particularly to identify the localized variations in a processed signal.
2.4.1 Wavelet Transformation
A wavelet transform decomposes a time series into time- frequency-space domain
and determines how the dominant modes vary with time. Wavelet analysis is similar to
Fourier analysis in a way that it breaks a signal down into its constituents. It breaks the
signal into its wavelets and scaled versions of mother wavelet. The translation and
dilation operations performed to the mother wavelet describe the correlation between the
wavelet and the localized portion of a signal. The scaling and translation processes during
the wavelet decomposition are clearly showed by the trade ways company (Figure 2.2)
during their elaborative description on wavelet analysis.
One dimensional (1-D) wavelet analysis was used to process a signal when the
input data was a vector. The time series data taken on an oscilloscope could be analyzed
using 1-D wavelet analysis. Two dimensional wavelets were used to compress and denoise the images and mainly used in image processing as described by Rout (2003) in his
master’s thesis titled: Orthogonal vs. Bi-orthogonal Wavelets for Image Compression).
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The data collected in the present research was one dimensional signal, and
therefore 1-D analysis was performed in the following sections of the dissertation. From
previous literature a perfect reconstruction orthogonal 1-D filter is presented below. If X
(Z) is the Z-transform of a the unprocessed signal X (t), a perfect reconstruction filter
bank is constructed by an analysis and synthesis sub band passes as shown in the Figure
2.3.

Figure 2.2 Shifting and Scaling operations during wavelet decomposition
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Figure 2.3 Perfectly reconstructed orthogonal filter bank
H (Z) and G (Z) is the low pass and high pass analysis filters. F (Z) and J (Z) is
the corresponding low pass and high pass filters to reconstruct the original signal with an
overall delay d.
The original signal of Continuous wavelet analysis can be reconstructed by
integration over all the resulting frequency components (Lemistre and Balageas, 2001).
The equation for the continuous wavelet transform of a signal data X (t) was obtained by
convolving the data with mother wavelet (ψ). The signal would be subjected to
decomposition by the daughter wavelets; which are scaled (s > 0) and translated (𝑡𝑟 € 𝑅)
interpretation of the original wavelet as shown in Figure 2.2 of this chapter. The equation
for a Continuous Wavelet Transform (CWT) was derived by Vetteri and Herley (1992),
and Strang and Nguyen (1996) in their famous books on Wavelets and Filter Banks, as
cited in eq. (2.15). The original signal X (t) can be retrained back using an inverse
wavelet transform as showed in eq. (2.16).
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1

+∞

(𝑡−𝑡𝑟)

𝐶𝑊𝑇 (𝑠, 𝑡𝑟) = 𝑠𝑞𝑟𝑡(𝑠) ∫−∞ 𝑥(𝑡) ψ �
1

+∞

∞

1

𝑠

(2.15)

� 𝑑𝑡
(𝑡−𝑡𝑟)

𝑋(𝑡) = 𝑠2 ∫−∞ ∫0 �𝐶𝑊𝑇(𝑠, 𝑡𝑟) 𝑠𝑞𝑟𝑡(𝑠) ψ′ �

𝑠

�� 𝑑𝑠 𝑑(𝑡𝑟)

(2.16)

Since it was computationally very difficult to analyze signals using all wavelet
coefficients, suggestion was made by the same others to pick up a discrete subset of the
points to reconstruct a signal from corresponding wavelet coefficients. Analogically a
Discrete Wavelet Transform (DWT) would look similar to a CWT while the convolution
was between the signal data and a family of daughter wavelets as described in the
following equation. In other words a DWT in its simplest form for a signal X (t) € L2 is:
∞

𝐷𝑊𝑇𝑑,𝑡𝑟 ∗ = ∫0 𝑋(𝑡) 𝜓𝑑,𝑡𝑟 ∗ ( t)dt

(2.17)

The daughter wavelet family (𝜓𝑑,𝑡𝑟 ) was obtained by dilation of the mother

wavelet. The suffix 𝑑 represents the dilation factor. Each response of the dilation factor

represents a decomposition level of the wavelet. Unlike in CWT, 𝑡𝑟 ∗ in a discrete

wavelet transform represent dyadic translation. The original signal X (t) can be
reconstructed using an inverse discrete transform. The synthesis part of the signal was
obtained by summation of the translated bands of all dilations (2.18).
𝑋(𝑡) = ∑𝑑�∑𝑡𝑟 ∗ 𝐷𝑊𝑇𝑑,𝑡𝑟 ∗ �𝜓𝑑,𝑡𝑟 ∗ ( t)

(2.18)

This process of analyzing X (t) by decomposing into multi levels of different band
widths, and again synthesizing to obtain the discrete wavelet is called multi resolution.
Previously researchers (Mallat, 1989; Kim et al., 2006) developed such wavelet families
for signal and Image processing.
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2.4.2 The S-Transformation
Stockwell et al. (1996) developed the s-transformation to improve the time and
frequency resolution of the short time Fourier Transformation (STFT):

S (τ , f ) =

∞

∫ x(t )

−∞

− f 2 (τ − t ) 2
|f |
] exp(−i 2πft )dt.
exp[
2
2π

(2.19)
x(t), is the signal in the time domain.

t and f are the time and frequency

respectively. The inverse transform of the s-transformation may be calculated with the
following equation:

x(t ) =

∞

∞

−∞

−∞

∫ [∫

S (τ , f )dτ ] exp(i 2πft )df .

(2. 20)

The s-transformation envelopes of the Lamb wave signals will be plotted using
eq. (2.19) and eq. (2.20) in Chapter Six.
2.5 Monitoring Tool Wear in Machining
Manufacturing cost comprises a major portion of the total cost of a product, and it
could be reduced by increasing the machine utilization time.

Frequently serious

interruption in the manufacturing process occurs due the catastrophic failure of cutting
tools. Automatic tool wear monitoring is very important in present day manufacturing to
monitor the tool condition and decrease the production cost. Tool wear monitoring
identifies the actual state of tool wear, and evaluates the remaining life of the tool. The
dimensions of the components manufactured under tool wear conditions could result in
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mismatch during assembly. Tool wear monitoring also prevents machine tools from
sudden failures.
Previously force sensors, torque sensors, accelerometers and acoustic emission
probes were developed to monitor tool wear. Drill operation generates blurs due to plastic
deformation. These blurs cause dimensional errors and misalignments during assembly.
In order to avert the extra effort and time for deburr operations, an automated tool wear
monitoring method that adopt spindle torque signals was demonstrated by Pena et al.
(2005). This method detects the low height burr information that would not affect the
dimensions of the machined components. Huseyin et al. (2004) developed a method to
identify tool wear status based on cutting force and torque measurements using hidden
markov models. The vibration characteristics of a machining process determined the
state of tool wear. Metin and Oysu (2004) found that the damping ratio measured by
impact excitation would enhance the tool wear development, and therefore the tool wear
status was successfully estimated using the damping ratio measured by impact excitation.
An acoustic wave is a stress wave generated by sudden release of energy in elastic
materials. Acoustic emission based methodologies were also successful to monitor tool
wear (Li, 2002; Kivio et al., 2003). Acoustic emission signals were analyzed to describe
the breakage monitoring in a multi spindle drilling machine. The increase in spectral
power in low and high frequency bands predict the breakage of the tool.
An Online toll wear monitoring method was described by Castejon et al. (2007)
and a tool wear probe was designed by Szararczyk et al. (2004) for Numerical Control
(NC) lathes. This method classified the tool wear into three levels called low, medium
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and high, i.e., the technique automatically recognized the condition of the tool and
allowed to replace the tool after medium level of wear, and the probe was able to monitor
the damage successfully at the tip of the cutting edge on NC lathe.
Previously, optimization of the life time of a tool ensuring the dimensional
tolerance of a product was demonstrated using a statistical signal processing
methodology (Prickett and Johns, 1999; Stoic and Raos, 2003; Verl et al., 2009). Multiple
sensor systems were used to increase the intelligence level of machine tool condition
monitoring of a milling process, and s ensor less automated condition monitoring was
performed to compute the characteristic parameters that enable tool wear.
The wear monitoring in Mill tool was studied earlier using cutting force models
(Altinta et al, 1988) and various signal processing tools like wavelet transforms and
neural networks (Tansel et al, 1995). The work proposes a new methodology that adopts
guided waves for effective mill tool wear monitoring. Piezoelectric elements were
already proved to be efficient to detect damages and for health monitoring in aluminum
plates (Lee and Stazewski, 2003, 2007; Rajic et al.). A combination of piezoelectric
sensors, Lamb waves and signal processing techniques were effectively established in
this dissertation work to effectively monitor the wear of an end mill tool.
Teti et. al., (2010) reviewed the past contributions of different machining
processes and the condition monitoring techniques used in SHM. The sensor systems and
the signal processing methods that were used to monitor various imperfections and
features of a cutting tool are listed in Table 2.1. Byrne et.al. (1995) in their keynote paper
described various sensor methods and signal processing techniques used during various
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cutting operations. A brief summary of the sensor research for tool and process
monitoring in machining is showed in Table 2.2

Table 2.2: Summary of tool condition monitoring features
Monitoring Feature

Sensor System

Signal Analysis

Machining
Process

Tool Wear

Acoustic emission

Wavelet transform

Milling

Tool Breakage

Vibrations

Band sawing

Tool Geometry

Cutting force

Time and frequency
domain analysis

Tool Temperature

Hydraulic pressure
Motor Power

Image analysis
Histogram method
Thermal analysis

Laser

Fractal dimensions

Camera
Thermal Imaging
Audible Sound

.
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Broaching
Drilling
Turning
Tapping

Table2.3: Sensor systems and signal processing techniques used in various cutting
processes
Cutting Process

Sensor System

Signal Processing Technique

Turning

AE

FFT

Milling

Force

NN

Grinding

Vibration

Average power

Drilling

Temperature

RMS

Multi spindle drilling

Power

Auto Regressive moving average

Vision

GA

Acceleration probe

2.5 Brief Summary
This chapter performed a detailed survey of the previous research in the field of
SHM. Piezoelectric materials and their application during SHM were demonstrated in
Section 2.2. The previous studies of Electromechanical Impedance method and guided
surface waves used in SHM were presented. Important signal processing techniques that
supported during the analysis part of the present research were reviewed in the Section
2.4. Previous tool monitoring techniques in machining were studied in Section 2.5. The
dissertation work in the following chapters inspected the complex geometry parts and
welds for imperfections based on the previous literature studied in this chapter.
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CHAPTER 3
EXPERIMENTAL SETUP
One of the main contributions of this dissertation work is to estimate the electrical
performance of the piezoelectric material actuators under induced mechanical stress. This
chapter describes the experimental procedures adopted to estimate the performance as
well to determine the reliability of piezoelectric materials as inspection actuators. A
detailed experimental procedure of investigating the electrical performance of the
piezoelectric beams is demonstrated. It also specifies the experimental setup to evaluate
the utility performance of piezoelectric elements as sensors and receiving resonators to
monitor wear in an end mill.
3.1 Experimental Setup to Investigate Electrical Response
Piezoelectric materials have a crystalline structure that provides them with the
ability to transform mechanical strain energy into electrical charge and, vice versa, to
convert an applied electrical potential into mechanical strain. This property provides
these materials with the ability to absorb mechanical energy from their surroundings,
usually ambient vibration, and transform it into electrical energy that can be used to
power other devices. Conversely With an electrical excitation they can be used to
determine mechanical flaws with in a structure.
Actuators using piezoelectric materials have been developed by manufacturers
like American Piezo Corporation (APC) International Limited. Bi morph piezo electric
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actuators and the disc resonators were purchased from APC Corporation to conduct
various experiments in the laboratory.
This section describes the experimental procedure to find the natural frequency
and the nonlinear performance of the piezoelectric bimorph actuators.

The natural

frequency of the piezoelectric elements manufactured my APC International Limited
(catalog no. 40-1010) was determined and the voltage output estimated using a two small
(12 mm long 8 mm wide and 0.6 mm thick) piezoelectric Actuators.

Figure 3.1 Schematic diagrams representing the experimental setup that evaluated
frequency response
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The experimental setup consists of a BK Precision 4017 signal generator, a Macro
Tech Crown XTI 1000 power amplifier, and a vibration test system. The frequency
response was recorded on a using a Stanford Research Systems model SR780 two
channel network analyzer. The impedance of the data acquisition system was 1 MΩ. The
schematic and the experimental setup that describes the experimental procedure are
showed in Figure 3.1 and Figure 3.2.

Figure 3.2 Experimental setup used to investigate the electrical response and nonlinear
characteristics of piezoelectric actuators
The specimens for the experiment to test the electrical performance were prepared
from the small piezoelectric elements (12 mm long 8 mm wide and 0.6 mm thick)
purchased from APC International Corporation. Two different shapes (Round and
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Rectangular) were designed from 0.2 mm thick aluminum case. The two newly formed
bimorphs were fixed at an optimum distance in a 4.8 cm X 1.5 cm X 1.5 cm dimensional
aluminum tube as showed in Figure 3.3.

Figure 3.3 Comparison of the electrical response testing devices (Round, and
Rectangular shapes)
A rectifying circuit consisting of a 25 V (10 μF) capacitor along with four diodes
was connected to the piezoelectric actuators and installed inside the aluminum case, for
both round and rectangular designs in order to convert the generated AC current into DC.
The DC voltage generated would be useful to charge the rechargeable batteries. The
rectifying circuit design is presented in Figure 3.4 (a) and the simulation of the output of
the circuit is presented in Figure 3.4 (b).
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(a)

(b)

Figure 3.4 Circuit diagram and simulation to convert AC output to DC: (a) Rectifying
circuit (b) Simulation of the circuit to determine DC output voltage
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The designed aluminum cases with the actuator and electrical circuit attachments
are then placed between two wooden fixtures on a vibration test system. A similar
experimental set up showed in Figure 3.2 was used to analyze the performance of the
bimorphs. Detailed analysis of results of the experiments described in section 3.1 will be
explicated in Chapter Four.
3.2 Experimental Setup to Inspect Complex Geometry Parts and Welds
Another important contribution to this research work is to discover the
capabilities of piezoelectric materials to sense and receive surface waves and response of
signals with complex geometry cutting tool (End Mill). The evaluation of degradation
performance of piezoelectric disc sensors was performed using surface waves.
Piezoelectric disc materials were characterized under mechanical stress conditions and
when they were subjected to tensile, compressive and fatigue loads during earlier
experiments conducted at out laboratory. Lamb waves were used as propagating waves
during the experiments. In the following sections the applicability and effectiveness of
piezoelectric disc actuators for damage detection during structural health monitoring is
established.
3.2.1 Monitoring Wear of an End Mill
The wear generated on the mill tool during the experiment was analyzed
simultaneously by establishing two different methodologies. The first method used the
surface elastic waves called Lamb waves as the sensing, transmitted and receiver signals.
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The second method uses a surface response to a chirp signal excitation to determine the
level of damage in an end mill tool.
Initially a picket 2 circuit is prepared on a

bread board with a microchip

(pic16F690) was used to generate the Lamb waves. The quality of the Lamb waves are
observed on a Tektronix (TDS 2024B) four channel oscilloscope. These set up
preliminarily serve the purpose of generating the Lamb waves, but it could not be able to
generate accurate surface waves that could efficiently analyze the data for detection of
the damage. A Métis Design SHM Node MD 75602 setup was established to generate
accurate Lamb waves as shown in Figure 3.6. The generated Lamb waves were
monitored on a Tektronix oscilloscope to check the characteristics of the signal.

Figure 3.5 Experimental setup that classified end mill tool wear using Lamb wave
method (Métis Design SHM Node MD 7502)
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The experimental setup to record the surface response due to the excitation at one
of the actuators is showed in Figure 3.8. A Stanford Research Systems (SRS) Model
SR780 signal analyzer was used for the experiment. The Two channels of this signal
analyzer are utilized as both a signal generator and an oscilloscope to record the signal.
The Analyzer can generate a chirp signal excitation at one of two piezoelectric elements
attached to the mill tool. The surface response to excitation was recorded at channel 2 of
the signal analyzer during 2000 data points. The time domain signals and the frequencyamplitude plots at various stages of wear were recorded and showed in Figure 3.9. Data1
represents the no wear condition of the mill tool. Data2-Data6 denotes the five different
(Low, Medium and Severe) stage of the tool wear.

Figure 3.6 Experimental setup used to record the surface response to excitation signals
Piezoelectric disc actuators were purchased from APC International (0.25 inch
diameter) to install on the mill tool as signal sensors and receivers. M Bond 200 glue was
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used to attach them on the mill tool of Length 2.5 inch and diameter 0.25 inch. Two disc
actuators were installed on either of the sides on the shank portion of the end mill. One of
the two discs acted as a resonator and the other was used to receive the propagated signal.
An artificial wear was created at the tip of the flank portion of the tool in five stages
using a grinding machine.

(a) End mill tool

(b) Micro mill tool
Figure 3.7 Sensor attachments and wear on the end mill specimens
The same experiment was repeated with a micro mill tool. The tools and different
stages of wear for the mill tool and micro mill tool are showed in figure 3.7(a) and 3.7
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(b). The first step indicated a low wear, second and third stages denoted a medium wear,
and in the last two stages a sever wear was induced on the tool.
3.2.2 Detecting Imperfections in Welds

Figure 3.8 Butt weld joint with a 1/4th inch cut and 1 mm diameter hole
A similar experimental setup as described in section 3.2 was established to
analyze the flaws occur on welds. A butt weld joint is prepared between two 3 inch
length, 3 inch wide and 0.25 inch thickness aluminum plates as showed in Figure 3.10.
Two piezoelectric actuators were installed on the aluminum plates at either sides of the
weld. The experiment was conducted using both Lamb wave perturbations and the
surface response to excitation methods.
3.3 Brief Summary of the Chapter
Chapter Three demonstrated the experimental procedures during the investigation
of electric response and damage detection characteristics of piezoelectric actuators.
Experimental setups to investigate the electrical output of compact energy harvesting
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devices were discussed in Section 3.1. Experiment setup for evaluation of imperfections
in complex structures, and the data acquisition methodologies were elaborately discussed
in the chapter. The data obtained in the chapter will be analyzed in Chapters Five and Six.
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CHAPTER 4
PROPOSED PROCEDURES FOR DATA ANALYSIS
4.1 Lamb Wave Procedure
. Ultrasonic waves in flat plates were first described by Lamb (1917) and a broad
analysis was given by Royer and Dieulesaint (2000). Lamb waves are guided ultrasonic
waves and travel inside the plates with vertical polarization. Lamb waves appear in the
two modes called symmetric and anti-symmetric. These waves were simulated at 680
kHz frequency using a 2D Lamb wave simulation software, and the dispersive nature was
compared in Figure 4.1 (a) and Figure 4.1(b).

(a)Symmetric mode (S0)
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(b) Anti-Symmetric mode (A0)
Figure 4.1 Simulation of Lamb wave modes (Excitation frequency: 680 kHz)
Symmetric mode Lamb waves are longitudinal and travel at same speed, while
anti-symmetric mode Lamb waves called flexural waves are much dispersive in nature.
The schematic that described operating principle to record the Lamb wave data is showed
in Figure 4.2. A Metis design SHM node MD 7052 chip consists of an actuator and six
sensor ports. Two piezoelectric elements were connected on both the sides of the milling
tool. The metis design was used to actuate one of the piezoelectric elements attached on
the tool surface. The piezoelectric element attached on the other surface sensed the
transmitted Lamb wave signals.
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An interface was used between the metis design SHM MD 7052 and a computer
to record the data on the computer. Progressive wear was generated on the cutting tool in
five steps, and the Lamb wave data due to the wear was collected.

Figure 4.2 Data analysis using Lamb wave technique
The same principle was used to record the Lamb wave data on a weld joint. The
actuator/sensor setup of the weld joint is showed in the Figure 4.2. The actuator node of
the metis design excited the actuating piezoelectric element on the left side of the weld.
Two piezoelectric elements were placed on the right side of the weld, which sensed the
Lamb wave perturbations that pass through the weld medium. The actuator and sensor
data was recorded on the computer.
The data collected using the Lamb wave method analysis was performed in
Chapter Five using the s-transformation. The theoretical background of the s-
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transformation was described in Section 2.3.2. s-transformation and their envelopes were
used to estimate the data obtained during the Lamb wave method.
4.2 Surface Response to Excitation (SuRE) Technique

Figure 4.3 SuRE Technique to detect damages on a weld joint.

The SuRE principle that collects the surface response data on a weld joint is
described in Figure 4.3. The end mill described in the Lamb wave approach was also
tested using the SuRE method. In SuRE, A sweep sine wave was generated on a signal
analyzer, which is used to determine the imperfections of the end mill and a weld joint.
The sweep sine wave excited at one of the piezoelectric elements that marked as actuator.
The surface response data due to the excitation was collected using the other piezoelectric
element that was attached on the other side of the joint. The sweep sine wave data
obtained during the experiment was analyzed to determine the wear and damage
characteristics.
Sum of Square of the difference values were determined from the SuRE data to
2
-𝑥𝑖2 ) was
analyze the damages in cutting tools and welds. The square of difference (𝑥𝑖+1

39

calculated between two successive data points𝑥𝑖 𝑎𝑛𝑑 𝑥𝑖+1 . This analysis was performed

during all stage of the wear, and during dissimilar frequency intervals. The variation in

significant peaks in data was compared to determine the wear level of the tool using
SuRE approach. The complete discussion of the results will be presented in Chapter Six.
4.3 Bi-orthogonal Wavelet (Binlet) Analysis
Wavelet transforms decompose time series signals into frequency as well as space
simultaneously. The signal processing of the experimental results was performed by
using bi-orthogonal filters in MATLAB (wavelet tool box) environment. The capability
of bi-orthogonal synthesis and analysis filters to recognize various kinds of damages and
wear in welds and cutting tools is demonstrated in the following paragraphs.
The multi resolution wavelets, where the synthesis filteres are the transposes of
analysis filters are named as orhogonal wavelets (Strang and Nguyen 1996 ). The scaling
functions in biorthogonal filters for analyis were denoted by the dilation entity 𝜙�(𝑡) and
tranlation as 𝜙�(𝑡 - 𝑡𝑟 ∗ ) in a particular multireolution space . The wavelets of scaling and

translation can be expressed as (𝑤
�(𝑡)) and 𝑤
�(𝑡 - 𝑡𝑟 ∗ ) in the corresponding multi resolutin

space . The bi-orthogonoal anlysis dilation and wavelet values can be obtained using the
following equations (4.1 and 4.2).
∗ �
∗
𝑤
�(𝑡) = ∑N
tr∗ =0 2h1 (𝑡𝑟 ) ϕ(2𝑡 − 𝑡𝑟 )

�
∗ �
∗
𝜙�(𝑡) = ∑N
tr∗ =0 2h0 (𝑡𝑟 ) ϕ(2𝑡 − 𝑡𝑟 )
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(4.1)
(4.2)

The dilatiion and tranlation of functions mention above represents at each level of
multiresolution (Ali and Haddad, 2001). The suceeding scale and wavelet values of a
multiresolution space can be obtained by adding scale function to the

of the

corresponding wavelet :
�𝑗 .
𝑉�𝑗+1 = 𝑉�𝑗 +𝑊

(4.3)

𝑉�𝑗 = 𝑠𝑐𝑎𝑙𝑒 𝑜𝑓 𝑜𝑓 𝑗 𝑡ℎ 𝑚𝑢𝑙𝑡𝑖 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑠𝑝𝑎𝑐𝑒
�𝑗 = 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑤𝑎𝑣𝑒𝑙𝑒𝑡
𝑊

The high pass analysis multi resolution space coefficients (H0= {ℎ0, ℎ1, ℎ2, … }) in

bi-orthogonal filters differs from orthogonal filters. The high pass analysis bi-orthogonal

filter coefficients are not orthogonal to each other instead they are bi-orthogonal to their
corresponding synthesis filter coefficients (F0 ={𝑓0, 𝑓1, 𝑓2, … }). The analysis wavelet of jth
multi resolution space would be bi-orthogonal to its corresponding synthesis dilate and
vice versa.

Also in continuous time the synthesis dilation function 𝜙(𝑡 −

𝑡𝑟) 𝑎𝑛𝑑 synthesis wavelet function 𝑤(𝑡 − 𝑡𝑟 ′ ) are bi-orthogonal to corresponding
analysis functions even when (𝑡𝑟⧧𝑡𝑟 ′ ). The transform and inverse bi-orthogonal wavelet
transform were described by Strang and Nguyen, 1996 as cited in eq. (4.4) and eq. (4.5).
∞ �
𝑋(𝑡) = ∑∞
−∞ ∑−∞ 𝑏𝑗𝑘 𝑤𝑗𝑘 (𝑡)𝑑𝑡

∞
𝑏�𝑗𝑘 = ∫−∞ 𝑋(𝑡)𝑤
�𝑗𝑘 (𝑡)𝑑𝑡

𝑤𝑗𝑘 (𝑡), represents the dyadic synthesis wavelet
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(4.4)
(4.5)

𝑤
�𝑗𝑘 (𝑡),
𝑏�𝑗𝑘 ,

represents the analysis dyadic wavelet

represents the coefficients during analysis

A binary coefficient or dyadic coefficient (Abdukiram et al., 2005) is an integer
divided by a power of 2. The “binlet” family consists of various high pass and low passes
dyadic coefficients of bi-orthogonal decomposition and reconstruction filter banks. The
Wavelet tool box window of MATLAB provided various combinations high pass and low
pass dyadic coefficient of bi-orthogonal filters to analyze the data. The maximum number
of high and low pass dyadic coefficients that were used in the wavelet tool box window
was confined to eight. Strang et al., 1996 derived bi-orthogonal filter with more low and
high pass coefficients. The low and high pass decomposition filters (DF) and
reconstruction filters (RF) were described in Figure 4.4. The number of coefficients was
denoted by Nd and Nr respectively.

(a) Decomposition filter
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(b) Reconstruction filter
Figure 4.4 Decomposition and Reconstruction filters of a bi-orthogonal wavelet (Nd=7,
Nr=9)
The first function dilates the input and the second reconstructs the data. The low
pass and high passes filter dyadic coefficients decompose and reconstruct the wavelet of
the signal X (t). Two higher levels of Bi-orthogonal Wavelets (Binlets) were constructed
using theory described by Strang and Nguyen, 1996 in their famous book wavelets and
filter banks. Both of the filters contained an array of thirteen low and high pass analysis
coefficients ({ℎ0, ℎ1, ℎ2, … ℎ12, }). The number of synthesis coefficients is different for the

user defined functions named srik_h13/f7 and srik_h13/f11 build in MATLAB
environment.

Srik_h13/f7

function

consists

of

seven

low

and

high

pass

coefficients ({𝑓0, 𝑓1, 𝑓2, … 𝑓6, }), while srik_h13/f11 contained eleven low and high pass

coefficients({𝑓0, 𝑓1, 𝑓2, … 𝑓10, }).

These filters were added to the wavelet tool box as user defined programs and

used for wear monitoring of cutting tools, and to separate imperfections in weld joints.
Srik_h13/f7 was used in the results section to perform the multisclae principle component
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analysis (MSPCA) of the signals. MSPCA was used to filter the original signal data and
residuals at each level of decomposition to detect the deterministic changes in
measurements (Bakshi, 1998). The Residual coefficients were compared to determine the
wear level of the cutting tool and damages in the weld joints.
4.4 Brief Summary of the Chapter
This chapter described the data analysis techniques adopted to identify
imperfections in cutting tools and welds. Lamb wave method along with the stransformation technique was demonstrated to analyze the wear level of a mill tool in
Section 4.1. The procedure for data analysis using the surface response excitation was
described in section 4.2. The last section explicated the binlet analysis that was used to
separate dissimilar imperfections in weld joints.
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CHAPTER 5
RESULTS AND DISCUSSION: CHARACTERIZATION OF PIEZOELECTRIC
MATERIALS AND ENERGY SCAVENGING
Instead of mathematical models, numerical and semi experimental computational
tools were also used for the preliminary studies of the experiments conducted. The
power generation of the bimorph materials was simulated by using the Finite Element
Models (FEM) of the ANSYS package (Yenilmez et al., 2007).

The Genetically

Optimized Neural Network Systems (GONNS) were used for the estimating the optimum
design of energy scavengers with the help of experimental data (Tansel et al., 2009)
FEMs allowed us to work with any piezoelectric geometry without considering them as
beam or plate. It was found that FEM based studies were very beneficial for studying
attachment of piezoelectric patches to machine surfaces directly without using additional
mass to the aerospace structures.

GONNS was very useful for designing energy

harvesters for restricted spaces based on experimental data.
Based on the experiments conducted in the Chapter Three of the dissertation,
investigation was made with unprocessed signals to determine the dynamic and flaw
detection characteristics of the piezoelectric actuators. Three different aspects related to
the piezoelectric actuator efficiency are completely investigated in the following section
of this chapter. This chapter will describe the dynamic characteristic of piezoelectric
stripe actuators. It demonstrates the frequency response and nonlinear characteristics of
these actuators. The results obtained from the rectangular and round shaped energy
harvesters will be tested to determine their optimal electrical output due to periodical
mechanical stress.
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5.1 Frequency Response and Nonlinear Characterization
The dynamic characteristics of the piezoelectric elements were initially studied
under free vibration and without induced load. The energy harvester with single
piezoelectric element was oscillated on the electromagnetic exciter showed in Figure 3.2
with a chirp wave and the response was analyzed on a signal analyzer. The frequency
response of the piezoelectric actuator without any mass showed (Figure 4.1) a maximum
magnitude at about -18dB. The resonance frequency of the piezoelectric element was
estimated as 1135 Hz without any mass.

Figure 5.1 Frequency spectrum of single piezoelectric actuator without any weight
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The experiments on the VTS were conducted using forced vibration in order to
derive an optimal energy of the device. Therefore, the resonance frequency was
recalculated during forced vibration. An optimum weight (5.60 g) was used to induce a
forced vibration in the design that generated maximum electrical energy. The same
experiment described in the previous paragraph was repeated to calculate the natural
frequency due to the effect of the optimum weight. It was observed that the natural
frequency of the piezoelectric elements decreased due to the induced weight. To compare
this present case with the previous case, it was assumed that half the weight (2.85 g) was
carried by one of the two piezoelectric actuators. This development in the design setup
caused a decrease in the frequency response to 107 Hz (Figure 4.2). The evaluation of the
optimum frequency was used to estimate the electrical performance of the actuators
(Section 4.1.2).

Figure 5.2 Frequency spectrum of a single piezoelectric actuator with half the weight
(2.85 g)
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The investigation was further continued to determine the output characteristics of
the actuators around the optimum frequency calculated in the last paragraph (107 HZ).
The linearity of the actuators was estimated at different frequencies (40Hz- 108Hz) of
vibration using the function generator. The results showed highly nonlinear AC outputs
during all excitation frequencies Figure 4.3. The composite signal was prepared by
putting together the signals collected at the 40, 50, 60, 70, 80, 90 and 108 Hz vibration
frequencies. Each 0.1 second long section was collected at one of the listed frequencies.
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Figure 5.3 Non Linear output characteristics of piezoelectric actuators: 0.4-0.5, 0.5-0.6,
0.6-0.7, 0.7-0.8, 0.8-0.9, 0.9-1, and 1-1.1 second intervals corresponds to outputs at the
40, 50, 60, 70, 80, 90, and 108 Hz oscillations
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5.2 Electrical Response due to Harmonic Excitation of Actuators
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Figure 5.4 Comparisons of RMS and Peak-Peak output values
Since the nonlinear characteristics of the actuators were evident from Figure 4.3,
conclusions were made using the peak to peak and the Root Mean Square (RMS) output
estimation. The Peak-Peak and RMS values obtained from the Figure 4.4 indicated that
the optimum output of the actuators could be achieved around 50 -60 Hz. The highest
values of the output were obtained at 60 Hz frequency. Although the mass was almost
twice the one used for the previous tests for identification of the dynamic characteristics
of the piezoelectric elements, two elements were supporting the mass in the harvester.
The final experiments were performed at 50 Hz since it corresponds to 3,000rpm and
there are many mechanical systems operating around this frequency. The chances of
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device failure to a greater extent were also observed when tested at higher frequencies
(above 50Hz).
A two element compact size device was developed (Section 3.1.3) using these
actuators to record the maximum generated power. The newly developed compact device
was connected to digital oscilloscopes with 1MΩ impedance. The DC voltage output of
the energy harvester rose to 10V in less than 10 seconds when it was excited at 50Hz as
shown in Figure 4.5, and when the amplitude was about 3.2 mm based on the trace of the
oscillation left on a paper. It was observed that Voltage continued to increase and reached
14 Volts in less than 2 minutes. Voltage continued to rise and reached over 16V in less
than 3 minutes. The output oscillated during the experiments due to the nonlinearity in
the device design. Based on the impedances of the data acquisition devices the power
output of the energy harvesters was 100 μW in less than 10 seconds and 196 μW in 2
minutes. The highest observed power in the experiment was above 250 μW.

Figure 5.5 Electrical response of the energy harvester (Round shape)
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A better design of the device was accomplished using rectangular aluminum case,
which facilitated a better movement of weight inside, and reduced the nonlinear
characteristics of the output. The harvesters with square cross-section generated voltages
between 10 and 14 volts when excited at 50 Hz. The test was conducted at approximately
the same amplitude of vibration where round cross-section harvesters were tested. The
design of the mass was slightly changed to fill the available space of the square crosssectional area better. Also the notch of the mass was slightly sharpened to give it V shape
to have bigger weight. The weight of the modified masses increased to 5.1912 gram
(~5.60 g, optimum weight for the design). The modified energy harvester generated 15 V
when excited at 50 Hz with 4.5 mm amplitude. The output voltage increased to 25 V
when the amplitude was increased to 9 mm (Figure 4.6).
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Figure 5.6 Electrical response of the energy harvester (Rectangular design)
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The output of different sized energy generators fabricated in our laboratory is
listed in Table 5.1. Historically; the 2nd generation energy harvester (7.9 cm x 7.9 cm x 3
cm) generated 1740 μW with a power density of 9.43 μW cm-3. The output of the third
generation energy harvester with round cross-sectional area was 256 μW at 50Hz
frequency (Tansel et al., 2008). The energy generator with square cross-section was
robust enough to vibrate at higher amplitudes and generated 625 μW at 50 Hz. The power
density was 57.89μW cm-3. The energy harvester volume and power density variations
trend of the listed harvesters are showed in Figure 5.7.

Table 5.1 List of different generation energy harvesters

Energy harvesting
device

Test conditions
(frequency and
approximate
amplitude)

Size volume
(cm3)

Power
(μW)

Power density
(μW cm-3)

Third generation
with square crosssectional area

50 Hz,0.9 cm

10.79

Third generation
with round crosssectional area

50 Hz, 0.4 cm

7.7

256

33.24

Second
generation energy
harvester

60HZ, 0.325
cm

184.4

1740

9.43
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57.89

Value (cm3, uW/cm 3)

200
150
100
50
0
1
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2

2
1

Energy Harvester #

Figure 5.7 Comparison of Volume and Power Density of energy harvesting devices

5.3 Brief Summary
The dynamic characteristics, and electrical output obtained from piezoelectric
stripe actuators, were described in this Chapter. Frequency response and nonlinear
characterization of the piezoelectric actuators was revealed, and the optimum frequency
to achieve maximum electrical response was evaluated in Section 5.1. The electrical
response of two differently designed energy harvesting devices was evaluated, and
compared in Section 5.2. It was observed that the rectangular shape harvester generated
maximum power output.

53

CHAPTER 6
RESULTS AND DISCUSSION: IDENTIFICATION OF DEFECTS OF COMPLEX
SHAPES AND WELDS
This section presents the results and discussion of the experiments conducted on
end mill and weld joint. The experimental Setup of these results was described in Chapter
Three. The analysis was performed using Lamb wave method, SuRE Techniques and biorthogonal wavelet (Binlet) analysis. The procedures for data analysis were demonstrated
in Chapter Four.
6.1 Wear Estimation of an End mill
6.1.1 Lamb wave Analysis
The Lamb wave perturbations at the receiving actuator were recorded on a
computer during the five stages of wear. Initially, the no wear condition data was
recorded in order to compare the initial signal with the signals at different stages of wear.

(a) no wear vs. slightly worn
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(b) no wear vs. 1s medium wear

(c) no wear vs. heavy wear
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(d) no wear vs. severe wear

(e) no wear vs. extreme wear
Figure 6.1 Comparison of Data 1 (no wear signals) with Data 2: (a) Slightly worn (b)
Medium wear(c) Heavy wear (d) Severe wear (e) Extreme wear of mill tool
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Data 1 described the no wear condition of the signal, and Data 2 represents the
wear condition in Figure 6.1, which also demonstrates the comparison of wear during the
five stages with the wear. The Lamb waves perturbations obtained in these time domain
signals were not sufficient to determine the wear level. In order to estimate the
progressive wear of the mill tool over time, an artificial wear was induced a tool is
induced in five steps. A MATLAB program was used to calculate the envelopes of the
signals by using s-transformation and presented in Figure 6.2.

(a) (c) (d). The S-

transformation for the micro tool is showed in Figure 6.3
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Figure 6.2 Comparison of s-transformation data zoomed below 600 KHz (a) No wear (b)
Slightly worn (c) Heavy wear (d) Extreme wear
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(d)
Figure 6.3 Comparison of s-transformation of Micro tool (a) No wear (b) Slightly worn
(c) Heavy wear (d) Extreme wear

In order to achieve the task, The s-transformations of the recorded Lamb wave
perturbations were zoomed below 600 kHz frequency and analyzed. The results obtained
during this study are showed in Figure 6.2. The observation apprises the small localized
changes in low wear (Figure 6.2 (a)) pattern when compared to the original envelope
(Figure 6.2 (b)). The transition from no wear to severe wear was keenly observed during
the analysis (Figure 6.2 (d)). Lamb waves travelled through the tool medium, and
transmitted back after hitting the surface, and this was the reason for retaining a
difference in envelope profile at the receiving sensor. The characteristics of the S
transform and envelope in Figure 6.2 and Figure 6.3 were changed particularly while the
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wave propagation characteristics changed with material loss created by wear. A similar
trend of the S-Transformation was also observed in case of the micro tool.
The envelopes of the signal were presented in Figure 6.4 (a), (b), (c), (d), (e)
which classified wear level more accurately. In each case envelopes of the signal at
different stages of wear were compared to the original signal. The results taken at 200
kHz isolated frequency were reasonable, and the amplitude of the Lamb wave was
changing in a pattern due to increase in wear. The tool envelopes of the micro tool are
compared in figure 6.5 (a) (b) (c) (d) (e).
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(e) no wear vs. severe wear
Figure 6.4 Comparison of s-transformation envelopes during five stages of wear (a)
Slightly worn (b) medium wear (c) Heavy wear (d) Severe Wear (e) Extreme wear of
mill tool
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Figure 6.5 Comparison of s-transformation envelopes of the micro tool (a) Slightly worn
(b) medium wear (c) Heavy wear (d) Severe Wear (e) Extreme wear of mill tool

The envelopes of the s-transformation indicated that the amplitude of the highest
peak deviated from the original envelope until medium wear (Figure 6.4 (c)), and
directional change in the perturbations were observed due to the severe wear. Data1 in
each of the graphs of figure 6.4 and 6.5 represents s-transformation envelope taken when
there was no wear. Data 2 indicates the wear at each level of the five stages as described
in Chapter Three.
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The square of the difference between the time domain observations of different
wear levels and a baseline was studied by using a Simulink model (Figure 6.6). The
excitation frequency was 200 kHz. The squares of the differences were presented in
Figure 6.7. The first cut in the figure corresponds to a low level wear of the tool. Second
and third cuts represent a medium wear level. Final cut indicates a sever wear at the tip of
the mill tool.
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Figure 6.6 Simulink model to evaluate square of difference value
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Figure 6.7 Simulation square of difference data using Simulink model
6.1.2 Analyzing the Surface Response data

Figure 6.8 Frequency responses at the receiving sensor (a) Data1: No wear (b) Data 2Data 6: Slightly worn –extreme wear of the tool

The surface response was also recorded parallel with the Lamb wave data
acquisition from a SR 780 signal analyzer. The frequency responses due to excitation at
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piezoelectric receiving actuator at different wear conditions were showed in the Figure
6.8. Data1 to Data6 provides the signal data from no wear to complete wear in an
increasing order of the end mill tool decay. The signal data showed could not describe the
wear characteristics of the end mill tool. The difference among various stages of wear in
completely analyzed using various signal processing techniques.

Figure 6.9 Comparison of sum square of difference among wear levels of the End mill
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Figure 6.10 Comparison of sum square of difference among wear levels (Micro tool)

Sum of square of difference values were plotted using bar graphs in Figure 6.9.
Each bar in the graph indicates a corresponding level of wear during the experiment. Test
case 1 indicates no wear condition of the end mill, and the increase rate of artificially
induced wear is apparently demonstrated in the other cases of the bar chart. Figure 6.10
indicate similar plot for the micro tool
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The bar representation of the sum square of difference data indicated the wear but
it was hard to categorize the wear level. In order to overcome this disability the sum of
the squares values were compared at dissimilar frequency intervals as described in Figure
6.11 and Figure 6.12 (Micro tool). The difference among the six test cases was studied in
intervals starting with of 50 Hz frequency.

Figure 6.11 Comparison of sum square of difference (dissimilar frequency intervals)
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Figure 6.12 Comparison of sum square of difference for Micro tool (dissimilar
frequency intervals)

The square of difference of the signal data was compared against frequency
classified as slightly worn, medium wear, heavy wear severe wear and extreme wear.
Sum square of difference at different bins of the mill tool are presented in Figure 6.13.
The observation indicated that there was an incessant increase in the significant peak
values of the sum square of differences. The difference in the peak values is able to
separate the slightly worn tool from complete wear of the tip tool.
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Figure 6.13 Comparison of the sum square differences at different bins
The peak values between significant data points are compared to investigate
which significant peaks actually measuring the tool wear. Figure 6.14 details the
significant peak information for the five stages of wear of the end mill. From the results
it was observed that there are two significant peaks that are increasing form low level
wear to the severe wear in ascending order. The first significant peak was observed at
around 40th data point (20.4 kHz frequency) and the second significant peak was shown
at 180th point of the data (90 kHz frequency).
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Figure 6.14 Comparison of peak data of the envelopes(a) No wear vs. Slightly worn (b)
No wear vs. Medium wear (c) No wear vs. Heavy wear (d) No wear vs. Severe wear (e)
No wear vs. Extreme wear

Table 6.1. List of square of difference peak values at 20.4 kHz and 90 kHz frequency
Square of difference with no cut

Peak value at 20.4
kHz

First wear (Low)
Second wear (Medium)
Third wear (Medium)
Fourth wear (Severe)
Fifth wear (severe)
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Peak value at 90
kHz

121.41175

23.31007

244.4526

136.5238

470.668686

267.7504

901.219012

590.3831

1434.61637

1055

1600
y = -0.0002x2 + 1.533x + 68.447

1400
Peaks Data (90 kHz)
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Figure 6.15 Comparison of peaks at 20.4 kHz frequency and 90 kHz frequency at
different stage of wear

Figure 6.15 showed a consistent increase in the sum of square values of the peaks
at 20.4 kHz and 90 kHz frequency. These significant peak values of these two cases were
tabulated in Table 4.2. In order to determine the consistency, the wear levels at these two
instances are compared in Figure 6.12.
6.1.3 Binlet Analysis
User defined bi-orthogonal filter (Srik_f7_H11) was included in MATLAB
wavelet tool box as described in Chapter Four. Multi signal analysis in the wavelet tool
box was used to analyze the frequency response signal data. The analysis was performed
at different levels of wavelet decomposition. The level 1 coefficients obtained during the
different stages of wear are compared in Figure 6. 16. The results showed an increase in
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the coefficient height from no wear to medium wear and diminished during the final
stages of wear.

Figure 6.16 Binlet Coefficients: (a) no wear (b) slightly worn (c) medium wear (d)
heavy wear
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The statistical residue coefficients of the signals were obtained from the binlet
analysis and presented in Table 6.2. The standard deviation residue values were
compared for all stages of wear in Figure 6.17, to understand the wear level. The graph
showed a gradual increase in residue value, from no wear condition to the third stage of
the wear. The standard deviation was lower during the severe wear condition of the tool.
Mean absolute deviation against tool condition was also plotted in Figure 6.18.
Table 6.2 Statistical data at different wear levels
No
wear

Slightly
worn

Medium
wear

Mean

0.0063

0.0061

0.0078

Max

1.0477

1.0472

Min

-0.9921

Range

Severe
wear

Extreme
wear

0.0078

0.0063

0.0066

1.4746

1.4746

1.0477

1.2223

-0.9982

-1.1598

-1.1598

-0.9921

-1.0727

2.0398

2.0454

2.6343

2.6343

2.0398

2.295

SD

0.3645

0.3889

0.4054

0.4054

0.3645

0.3778

Median

0.0307

0.0289

0.02555

0.0255

0.0307

0.0289

mode

0.1366

0.0518

-0.4397

-0.4397

0.1366

0.136

Mean abs
deviation

0.278

0.3018

0.3035

0.3035

0.278

0.2911

Median
abs
deviation

0.2044

0.2316

0.2243

0.2243

0.2044

0.2206
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wear

Standard Deviation
0.41
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0.39
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1
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Tool Condition

4

Figure 6.17 Comparison Residuals (SD): (a) No wear (b) Slightly worn (c) Medium wear
(d) Heavy wear
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Figure 6.18 Comparison Residuals (Mean Abs. Deviation): (a) No wear (b) Slightly worn
(c) Medium wear (d) Heavy wear
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Figure 6.19 Comparison of SD residuals at three different levels of binlet analysis
The binlet analysis was performed to compare the statistical residue data during
different levels of analysis (decomposition). Figure 6.19 compares the Standard deviation
residuals during level 3, Level 5 and Level 7 stages of the analysis. All the plots showed
a similar trend with different residue coefficients.
6.2 Classification of Imperfections in Weld Joints
The Lamb wave and SuRE techniques were used in this chapter to analyze a cut
and hole damages on a weld joint. Binlet analysis was also performed to separate a cut
from a hole. The amplitude and frequency envelopes using s-transformation primarily
distinguish cut and a drilled hole of 0.0625 inch (1 mm) diameter on the butt weld.
6.2.1 Lamb Wave Analysis
The experiment was conducted in two steps Step 1: Initially, a cut of 1/4th inch is
created on the weld to record Lamb wave perturbations and surface response data. In Step
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2, a hole of 0.0625 inch diameter was drilled at the Centre of the butt weld. The Lamb
wave signals of the imperfect welds when compared to the perfect weld signals were
compared in Figure 6.20.

Signal (V)

Signal (V)

(a)
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Data #1

1
0
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1.5
1
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2.5

-4

x 10

(b)
Figure 6.20 Comparison perfect signal data (Data 1) with signals with Imperfections
(Data2): (a) 1/4th inch cut (b) 0.0625 inch diameter hole (Lamb wave data)
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(c)
Figure 6.21 s-transformation data (Zoomed below 600000Hz) (a) Initial Signal (b) Cut
(c) Hole
Comparison of the s-transformation (zoomed below 600000 Hz) of the Lamb
waves for a cut and a hole are showed in Figure 6.21 (b) and (c). The S transform of the
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perfect signal was showed in Figure 6.21(a). A change in s-transformation was observed
among the perfect weld and the weld with a cut and hole.
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Figure 6.22 Comparison of s-transformation envelopes (200 kHz) between a (a) ¼th inch
cut (b) 0.0625 inch diameter drilled hole
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A further analysis was made to compare the s-transformation envelopes of the
imperfections with the perfect weld data. The Data 1 in Figure 6.22 (a), (b) represented
the perfect weld data, while the Data 2 was the envelopes of the imperfection weld data.
The S transform envelopes were taken at 200 kHz frequency. It was observed that the
peak of the S transform envelope was lowered in case of the drilled hole.
6.2.2 Data Analysis with SuRE Approach
The frequency response data for a 1/4th inch cut and 1 mm diameter drilled hole of
the weld were estimated as showed in Figure 6.23. The unprocessed Lamb wave data
recorded as not able to distinguish a cut from the hole effectively. Therefore, Analysis
was further conducted by determining the square of difference between Data1 and Data 2

Figure 6.23 Comparison (a) perfect signal data (Data 1) with signals with Imperfections
(Data2): (b) 1/4th inch cut (c) 0.625 inch diameter hole (SuRE data)
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Figure 6.24 showed the difference of the amplitude levels between the perfect
weld and the weld with imperfections. The amplitude of the difference was observed
against the frequency. The Square of difference between the signal data with
imperfections and the perfect weld are compared in Figure 6.25 Larger peaks were
observed when the perfect weld was compared with the cut data. The amplitudes were
smaller in case of the drilled hole.

.
(a)

(b)

Figure 6.24 Comparison of amplitude difference between Perfect weld (data 1) and (a)
Cut (b) Hole
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Figure 6.25 Comparison of square of difference between perfect weld (Data 1) and Cut
(Data 2) and Hole (Data 3)

Sum of square of difference values were plotted using bar graphs in Figure 6.26.
Each bar in the graph indicates the condition of the weld joint. Test case 1 indicates no
the perfect weld. Test case 2 represents the sum square of difference in values due to the
¼ cut on the weld. Test case 3 Provide the information of the 1 mm drilled hole on the
weld joint.
To compare the bar chart of the three cases of the weld joint, the same analysis is
performed at dissimilar frequencies and presented in Figure 6.27. Comparison of sum of
squares was accomplished in Figure 6.28
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Figure 6.26 Comparison of sum square of difference between perfect and damaged data

Figure 6.27 Comparison of sum square of difference between perfect and weld with Cut
and Hole at dissimilar frequency intervals
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Figure 6.28 Comparison of Sum square of difference at different bins
The main idea that could differentiate various type of defects was to separate the
shorter period oscillations in the signal from the longer oscillations and analyzing the
local behavior of the signal. Initially the windowed fast Fourier transformation was
identified to perform this kind of analysis. But the limitation is the window size and since
the stage of the disturbance in the signal is unpredictable, this method of processing the
data would be inconsistent.
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6.2.3 Binlet Analysis
The earlier results of the experiments were able to detect the defect at some level
and the experimental results are significant. These results could not be able to distinguish
the geometry of a defect. In the following sections, bi-orthogonal binary wavelets
(Binlets) were used to effectively analyze the defects in structures. Recently MATLAB
have been an essential tool for mechanical engineers as it is intended for numerical
computing. MATLAB also engineers with other accessories like neural networks, fuzzy
logics, control system and image processing tool boxes during optimization and signal
processing. The wavelet tool box is also one of such important tool in MATLAB for
signal and image processing. Using wavelet tool box one can perform various kinds of
analysis using the software defined filters. It facilitates to execute 1-D signal processing
and 2-D image processing very effectively.
Signal processing can be conducted using continuous and discrete wavelet
transforms. Wavelet tool box also facilitates single signal and multi signal analysis. In the
following sections of this chapter the results of multiple 1-D are used to compare the
damages in various structures and cutting tools. The first level decomposition coefficients
obtained during the multi scale wavelet analysis of the wavelet tool box environment
were compared between a cut and drilled hole as showed in Figure 6.29 (a), (b).
The statistical data was taken by further analyzing the decomposition coefficients.
It was observed that the density of the coefficients was increased during the first data
points in case of the drilled hole. The height of the coefficients was more in case of a cut
and a distributed behavior of the coefficients was observed. In order to distinctly separate
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the hole form the cut a statistical analysis was made using the residue coefficients
obtained during binlet analysis.

(a)

(b)

Figure 6.29 Binlet coefficients (a) ¼ inch cut (b) 0.0625 inch diameter drilled hole (D1
level decomposition)

The residue statistical data (mean, mode, SD etc.) was obtained from the binlet
coefficients discussed in the previous section. The residue coefficient data was evaluated
and used to distinguish dissimilar imperfections in the weld joints successfully.
The statistical data obtained during the residue analysis was compared with the original
weld data and listed in Table 4.
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Table 6.3 Comparison of statistical data

mean

Trail 1
-0.0013

Trail 2
-0.002

Trail 1
0.0017

Trail 2
-0.0012

Trail 1
-0.0015

Trail2
0.0016

max

1.5721

1.633

0.9825

0.4677

1.483

1.4753

min

-1.4402

-2.0835

-2.3393

-0.3888

-1.6841

-2.3607

range

3.0123

3.7165

3.3218

0.8565

3.167

3.8359

SD

0.3969

0.4216

0.0847

0.0703

0.4114

0.4187

Median

-0.0415

-0.004

-0.0008

-0.0005

0.0053

0.0049

Mode

-0.0947

0.0225

-0.014

0.0052

0.0261

0.0176

0.2909

0.325

0.0345

0.0295

0.3046

0.3109

Mean abs
dev

A detailed analysis was made by comparing the perfect and defective residue
statistical data in Figure 6.23. This graph apparently separated a hole from a cut. The
percentage deviation of the peak values of the statistical data was compared to measure
the variation.
The standard deviation (SD) and mean values were compared in the Figure 6.30
to determine the characteristics of

the drilled hole. Higher deviations in the mean

residue coefficients were observed during a cut, and comparatively the values low for the
hole.
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Figure 6.30 Comparison of statistical data between a the cut and hole imperfections: (a)
Standard Deviation (b) Mean Abs Deviation
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To validate the results, the same experiment was conducted in two trails. The
results of the two trails were compared to estimate the error in the percentage deviation.
The error showed in Figure 6.31 concluded that that binary residue method could be

Standard Deviation

successfully used to separate dissimilar imperfections in a weld joint.
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0.15
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0

trail 1
trail 2

1
Tool Condition

2

Figure 6.31 Error in SD values between different trails of the experimental analysis
6.3 Brief Summary
A complete analysis of the results obtained in Chapter Three of the dissertation
was performed in this Chapter. It also investigated the effectiveness of piezoelectric
actuators to sense the tool wear in and end mill tool using Lamb wave and SuRE
techniques. The tool wear was classified into different wear levels. Finally the residue
statistical data of the wavelet coefficients was used to separate dissimilar imperfections in
welds.
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CHAPTER 7
CONCLUSION AND FUTURE WORK
The integrity of complex parts and welds was inspected by using the SuRE and
Lamb wave methods in this work. The study started by characterizing the response of the
piezoelectric materials since they were used as actuator and sensor for the tested SHM
methods.
7.1 Characterization of Piezoelectric Materials and their Application:
Piezoelectric materials were used to investigate their electric generation
characteristics. Their dynamic response was obtained with a spectrum analyzer. Two
piezoelectric elements were used to construct energy scavengers. The frequency response
of one of the piezoelectric elements was tested by exciting them. The natural frequency
of the developed AA battery size scavenger was estimated at 1,135 Hz with a mass of
5.192 g.
Energy scavengers were designed in rectangular and round profiles, and their
performance was measured by using a digital oscilloscope. The round and rectangular
energy scavengers generated an output of 250 µW and 625µW, respectively when they
were excited at 50 Hz frequency. The study indicated that piezoelectric elements work
effectively at higher frequencies. It was difficult to work with them when the mechanical
vibration is less than 40 Hz frequency.
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7.2 Monitoring the Integrity of the Complex Geometries and Welded Parts
The integrity of the cutting tools with complex geometries and welded parts were
inspected by using the Lamb wave and SuRE methods.

Both methods used the

piezoelectric elements for excitation and surface vibration monitoring.

Sum of the

squares of the differences of a reference signal and bi-orthogonal wavelet (Binlet)
methods were used to interpret the data.
The wear of the cutting edges of a conventional tool and a micro end mill were
evaluated by using two SHM methods. First, the propagation of the Lamb waves was
monitored. The envelope of the received signal was obtained by using the stransformation. The height of the peaks of the envelopes at 20.4 kHz and 90 kHz
frequencies correlated with the wear level of the tool. The shape of the envelope of the
received signals was also changed with wear. Secondly, SuRE method was used to
estimate the tool wear. The sum of the squares of the difference increased with the tool
wear. The Lamb wave and SuRE methods complemented each other. Statistical analysis
was conducted with the Lamb wave signal data using the bi-orthogonal wavelet (Binlet),
to estimate the wear levels.

They were derived from the acquired signal of the

piezoelectric elements to estimate the different stages of the tool wear. The residual
coefficients were used for interpretation of the signal. The wavelet coefficients increased
with the tool wear. The standard deviation residues derived from the coefficients were
correlated with the wear levels of the tested end mills.
The integrity of the welds was investigated by using both the SHM methods.
Both of the methods identified the cuts and holes as soon as they were created on the
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weld, on the plate which has the actuator and sensor, and even on the plate which has no
piezoelectric elements. The study indicated that the Lamb waves moved over the welds,
and elastic behavior of the surface was affected as a whole. The residuals of the binlet
analysis conducted using the Lamb wave data also identified the defects. Percentage
variation in the statistical data indicated the type of the defect. The maximum difference
of the means and the standard deviations were very small when the tests were repeated at
the identical conditions (less than 0.3%). However, the mean and SD significantly
changed, when the weld or the parts were damaged.
7.3 Future Work
The following could be potential research topics in the near future:
1. Presently, Lamb wave and surface response data were analyzed separately to
monitor the tool wear. Data analysis techniques like Neural Networks and Fuzzy
Logic may be adopted to interpret the signals of both methods at the same time.
2. The discussed SHM methods may be used for other applications which have
welds such as structures of the nuclear facilities. Also, SHM methods may be
used for monitoring the wear and condition of the cutting tools.
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